We describe here the functional characterization of the flgM gene in Yersinia pseudotuberculosis. Direct interaction of FlgM with the alternative sigma factor s 28 (FliA) was first confirmed. A conserved region in the C-terminus of FlgM was found which included the s 28 binding domain. By site-directed mutagenesis, bacterial two-hybrid analysis and Western blotting, the primary FlgM binding sites with s 28 were shown to be Ile85, Ala86 and Leu89. A role for FlgM in swimming motility was demonstrated by inactivation of flgM and subsequent complementation in trans. Transcriptional fusion analyses showed differential gene expression of flhDC, fliA, flgM and fliC in the fliA and flgM mutants compared with the wild-type. flhDC expression was not influenced by s 28 or FlgM while fliA expression was abolished in the fliA mutant and considerably reduced in the flgM mutant when compared to the wild-type, indicating that both FliA and FlgM can activate fliA transcription. Conversely, flgM transcription was higher in the fliA mutant when compared to the wild-type, suggesting that flgM transcription was repressed by s 28 . Interestingly, fliC expression was markedly increased in the flgM mutant, suggesting a negative regulatory role for FlgM in fliC expression. The transcription of other s-dependent genes (cheW, flgD, flaA, csrA and fliZ) was also examined in fliA and flgM mutant backgrounds and this revealed that other s-factors apart from s 28 may be involved in flagellar biogenesis in Y. pseudotuberculosis. Taking together the motility phenotypes and effects of flgM mutation on the regulation of these key motility genes, we propose that the mechanisms regulating flagellar biogenesis in Y. pseudotuberculosis may differ from those described for other bacteria.
INTRODUCTION
Flagella-dependent motility is advantageous for bacteria since it allows cells to seek and acquire nutrients and escape unfavourable environmental conditions (Blair, 1995; Wadhams & Armitage, 2004) . Flagella are also involved in many important bacterial functions such as adhesion, invasion, colonization and biofilm formation and thereby contribute to virulence Kirov, 2003; Lee et al., 2001; Wood et al., 2006) . Flagella also induce innate immune responses in mammalian hosts via Toll-like receptors and are capable of activating defence mechanisms (Ramos et al., 2004) . In Escherichia coli and Salmonella enterica serovar Typhimurium (S. typhimurium), flagellar gene regulation and assembly have been extensively characterized with the coordinated regulation and expression of over 60 genes arranged into three classes which are expressed in a transcriptional hierarchy (Aldridge & Hughes, 2002; Chilcott & Hughes, 2000; Kutsukake et al., 1990) . Once expressed, FlhDC (the master operon of class I) forms a regulatory tetramer required for transcription of class II genes (Givaudan & Lanois, 2000) . These class II genes encode the flagellar type III secretion apparatus, the hook-basal body (HBB) structure and s 28 (FliA), which are required for transcription of class III genes, including the motor, chemotaxis and flagellin or filament genes (Aldridge et al., 2006; Kutsukake et al., 1990; Liu & Matsumura, 1994) . FliA functions as an alternative sigma factor and may also play a role in regulating the initiation of transcription of flhDC in conjunction with flgM encodes a negative regulator of flagellin synthesis in S. typhimurium (Gillen & Hughes, 1991a) and is expressed from both class II and class III promoters . FlgM is produced in the cytoplasm (Karlinsey et al., 2000) and binds to s 28 to prevent its association with RNA polymerase (RNAP), thereby inhibiting flagellin gene transcription (Lee et al., 2001; Ohnishi et al., 1992) . Once the HBB is completed, FlgM is secreted from the cells, releasing s 28 to activate class III genes, and acts as a signal to indicate that HBB construction is complete. This regulatory checkpoint is thought to prevent the production of class III genes until they can be assembled into the flagellar structure . Repression of flagellin gene expression by FlgM is observed only in strains that contain mutations in the basal body, switch or hook flagellar genes (Gillen & Hughes, 1991b) . A defect in flgM resulted in virulence attenuation of S. typhimurium and this phenotype was reversed by a mutation in fliA (Schmitt et al., 1994) , whereas virulence was attenuated in both fliA and flgM mutants in uropathogenic E. coli, revealing a clear link between virulence and regulation of flagellar synthesis (Richardson, 1991) .
Genetic and biochemical studies of s 28 /FlgM interactions have contributed to the understanding of flagellar regulation. FlgM binds to s 28 in a multipartite manner to inhibit s 28 activity by destabilizing the s 28 -RNAP holoenzyme complex (Chadsey et al., 1998; Chadsey & Hughes, 2001 ). An increased amount of flagellin in the flgM mutant of Pseudomonas aeruginosa strain PAK suggested that FlgM negatively regulates transcription of fliC by inhibiting the activity of s 28 (Frisk et al., 2002) . FlgM homologues have also been identified and characterized in the Gram-negative polar flagellate Helicobacter pylori (Colland et al., 2001; . These studies demonstrated that the FlgM homologues in these bacteria physically interact with s 28 and inhibit s 28 -dependent transcription. Frameshift mutation analysis suggested that the last 21 amino acids in FlgM were important for the inhibition of s 28 activity in S. typhimurium (Karlinsey & Hughes, 2006) . The crystal structure of the s 28 /FlgM complex from Aquifex aeolicus has been characterized (Sorenson et al., 2004) and the crystals between s 28 and the C-terminal s 28 -binding region of FlgM have also been obtained in E. coli (Okada et al., 2007) .
Little information is available on the role of FlgM in Yersinia pseudotuberculosis, a mammalian enteropathogen that causes a self-limiting gastroenteritis in humans. Genome sequence analyses have revealed that yersiniae possess genes homologous to all of the known flagellar genes in Salmonella and E. coli. The production of flagella in Y. pseudotuberculosis provides a means for motility and a type III secretion system for the export of flagellar and also non-flagellar proteins into the external environment (Young et al., 1999) . Y. pseudotuberculosis contains two sets of unlinked flagellar genes known as flagellar system 1 (FS1) and flagellar system 2 (FS2). The contribution of FS1 to virulence has been documented (Carniel & Hinnebusch, 2004) , but the functions and regulation of the genes constituting FS2 have not been investigated in detail. Both FS1 and FS2 carry copies of fliA whereas it is only FS1 which carries a single copy of flhD and flhC. The biological significance of these observations is not well understood.
In the present study the key amino acids responsible for the interaction between FlgM and s 28 in Y. pseudotuberculosis strain YpIII pIBI were confirmed. fliA and flgM isogenic mutants were then constructed to characterize the roles of s 28 and FlgM in transcription of the flagellar promoter. Transcriptional fusions to key motility genes flhDC, fliA, flgM, fliC and other s-dependent genes (flgD, cheW, csrA, flaA and fliZ) showed differential gene expression in the fliA and flgM mutants compared with wild-type and complemented strains.
METHODS
Bacterial strains and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . All the mutants and promoter fusions were constructed in flagella-associated genes located in flagellar system 1 (FS1). Y. pseudotuberculosis strains were cultured in Yersinia Luria-Bertani (YLB) broth (1 % tryptone, 0.5 % yeast extract, 0.5 % NaCl) with appropriate antibiotics where required. E. coli strains were grown in Luria-Bertani (LB) broth with appropriate antibiotics. Yersinia selective agar (Oxoid) was used for the screening of mutant strains. Antibiotics were added at the following concentrations: ampicillin, 100 mg ml 21 ; kanamycin, 50 mg ml 21 ; tetracycline, 10 mg ml 21 ; chloramphenicol, 30 mg ml 21 .
Segment and site-directed mutagenesis. Segment mutagenesis was performed by overlapping extension PCR. The primer sets to amplify point mutated genes are named from M DE64T68 F+R to M L90 F+R (primers are listed in Supplementary Table S1 , available with the online version of this paper). Two fragments were obtained by PCR and were used as templates for another round of PCR using primers M-25-F, which generated a PstI site, and M-25-R, which generated a KpnI site, to obtain the mutated genes. Fig. 2(c) shows how the segment mutagenesis was performed. Site-directed mutagenesis was performed with Pfu DNA polymerase and primers 70K-F+R and 73I-F+R to generate flgM K73 and flgM I70 by using the QuickChange Mutagenesis kit (Stratagene) according to the manufacturer's instructions.
Bacterial two-hybrid assay. These assays were carried out as previously described (Gunton et al., 2007) . flgM and fliA from Y. pseudotuberculosis were PCR amplified using primers M-25-F and M-25-R (for flgM) and A-18C-F and A-18C-R (for fliA) (Table S1 ). Amplified flgM was cloned into pKT25 and fliA was cloned into pUT18C, and both were co-transformed into E. coli BTH101 by electroporation. The strains were spread on MacConkey plates (IPTG+maltose) and cultured overnight at 37 uC. pKT25-zip and pUT18C-zip were also introduced into BTH101 as positive controls. This assay was also adopted to test the interaction of FlgM deletion and point mutants with s 28 . Table S1 and named fliA-PD-F+R (generating a 59 BamHI site and 39 XholI site) and flgM-PD-F+R (generating a 59 BamHI site and 39 SalI site). A wildtype copy and three flgM point mutations (FlgM I85T , FlgM A86D , FlgM L89P ) were also amplified by primers flgM-PD-F+R, which each generated a 59 BamHI site and 39 SalI site. For co-precipitation, fliA was cloned into pGEX6p-1 and the three flgM point mutants were cloned into pJB910 and then transformed into E. coli XL1-Blue to express GST-tagged FliA and the appropriate His-tagged FlgM point mutation. Expression was induced with 1 mM IPTG. Supernatants of sonicated cells were mixed with anti-GST Dynabeads (Novagen), pelleted and eluted in accordance with the manufacturer's instructions. Magnetic beads were separated by SDS-PAGE and probed with anti-His-Tag monoclonal antibody (Shanghai Genomics). The flgM upstream region was checked for the presence of consensus s 54 (YTGGCACG-N 4 -TTGCW) (Barrios et al., 1999) and s 28 (TAAAGTTT-N 11 -GCCGATAA) (Kutsukake et al., 1990) recognition sites. (Table S1 ). The DNA fragments were digested with enzymes accordingly and inserted into the suicide vector pDM4 to obtain pDM4-DflgM, which was introduced into the chromosome of Y. pseudotuberculosis as previously described (Atkinson et al., 1999) . The fliA mutant was constructed similarly. For complementation, the flgM gene containing a putative promoter region from Y. pseudotuberculosis was amplified by PCR using primers flgMoeF+R (Table S1 ) and ligated onto pJB908 to give pJB908-flgM and then introduced into DflgM to give strain YpIIIDflgMC, while pJB908 alone was introduced into DflgM as a control. FlgM was overexpressed by introducing pJB908-flgM into Y. pseudotuberculosis.
Motility assay and electron microscopy. Swimming motility was assayed on semi-solid agar medium as described by Atkinson et al. (1999) . Samples for electron microscopy were prepared according to the method of Correa et al. (2004) .
b-Galactosidase assay. pDM4 derivatives containing flhDC, fliA, flgM, fliC, flgD, cheW, csrA, flaA and fliZ (Table 1) were fused to promoterless lacZ and electroporated into the Y. pseudotuberculosis parent, flgM and fliA mutants. Overnight cultures were diluted to 1 % and were grown in YLB broth with antibiotics at 28 uC and harvested at an OD 600 of 0.2-0.4. Cells were permeabilized with chloroform and SDS, and b-galactosidase activity was assayed as described by Miller (1992) . All experiments were performed at least three times.
RESULTS
Characterization of the interaction of FlgM with s 28
When the Y. pseudotuberculosis genome was examined for the presence of flgM two possible homologues were identified (YPK2427 and YPK0717). By analysing amino acid and sequence information using BLAST, we found that YPK2427 but not YPK0717 was analogous, in sequence, location and apparent function (as outlined in the genome annotation) to FlgM in Y. pseudotuberculosis strains Yp IP31758 and Yp IP32953. YPK2427 was also similar to flgM family members which belong to flagellar systems in other bacteria such as S. typhimurium (Karlinsey & Hughes, 2006) .
The gene YPK2427 encoding FlgM was identified in the Y. pseudotuberculosis genome sequence (GI 170024652) and was predicted to encode a protein of 11.3 kDa. If YPK2427 functions as an anti-s 28 factor in Y. pseudotuberculosis it is likely to interact physically with the alternative sigma factor s 28 (FliA). Bacterial two-hybrid assays were first carried out to examine whether there was a direct in vivo interaction between FlgM and s 28 and the result indicated that this was indeed the case (data not shown). This is in agreement with the mechanism of action of FlgM in other organisms such as E. coli and S. typhimurium, where FlgM is known to bind to s 28 . Furthermore, b-galactosidase activity using BTH114 (FlgM and s 28 co-expressed) induced transcription of lacZ due to the interaction between FlgM and s 28 to similar levels as the positive control ( Fig. 1, columns 1 and 2), while no activity was detected in the two negative controls ( Fig. 1, columns 3 and 4) .
Identification of the primary FlgM amino acid residues in contact with s 28
Previous study in H. pylori has shown that the C-terminal domain of FlgM is important for the interaction with s 28 (Daughdrill et al., 1997; Sorenson et al., 2004) . Based on this study, three mutations resulted in frameshifts in FlgM after codon positions 18, 59, and 67. Frameshift mutations after codon 67 suggested that the last 21 amino acids in FlgM are important for s 28 interaction. A minimal binding domain has been identified between Glu64 and Arg88 in S. typhimurium (Pons et al., 2006) . The N-terminal portion of FlgM remains unstructured and may be necessary for recognition by the export machinery (Aldridge & Hughes, 2002) . Amino acid alignments of FlgM homologues showed two possible positions (Lys70 and Ile73) where FlgM and FliA may possibly interact ( Fig. 2a ). However, following mutagenesis of these two sites, the FlgM mutants still retained their activity with s 28 (data not shown). We then divided the amino acids of FlgM from Glu64 to Val93 into six parts (Fig. 2b, i) , and made subsection mutations via overlapping PCR. Interactions between the newly generated mutants and s 28 were examined using the two-hybrid system by introducing the mutants into BTH101 containing pUT18C-fliA. Using the bacterial two-hybrid, we first narrowed the pivotal binding domain down to Leu69-Ile73 and Lys84-Val93 since red colonies were only visible in mutants in which there was still an interaction between FlgM and s 28 . These amino acids were then divided into two-or three-amino acid segments and secondary overlapping mutations were made (Fig. 2b, ii, iii, iv). These constructs were then transformed into BTH101 containing pUT18C-fliA to obtain co-expressed strains. In this case, two regions were obtained capable of interacting with s 28 , namely Lys84-Ala86 and Leu89-Leu90. Finally, point mutations in flgM Functional characterization of FlgM in YpIII (flgM I85T , flgM A86D , flgM A86D and flgM L90S ) were cloned into pKT25 by overlapping PCR (Fig. 2c ). The in vivo results indicated that Ile85, Ala86 and Leu89 were necessary for FlgM interaction with s 28 since these mutants were unable to produce red colonies on MacConkey plates (Fig. 3a , segments 3-5). The results were also examined using bgalactosidase assay (Fig. 3b ). Almost no b-galactosidase activity was detected in the three FlgM mutants, consistent with the data obtained for the two-hybrid system assays, indicating that these mutants were unable to interact with s 28 . Leu90 was a potential site for s 28 interaction, but pKT25-flgM L90S co-expressed with pUT18C-fliA in BTH101 formed red colonies on the plate in the two-hybrid system assay ( Fig. 3a) and also showed b-galactosidase activity comparable to the negative control (Fig. 3b, column 6) .
Amino acids essential for s 28 and FlgM interaction A pull-down assay and Western blotting were performed to further validate the essential amino acids for the inter-action of FlgM and s 28 in vitro. GST-tagged s 28 , His-tagged FlgM and His-tagged FlgM D were co-expressed from different compatible plasmids (pGEX6p-1 and pJB910, respectively) in E. coli. Magnetic metal chelation beads (anti-GST) were then used to precipitate GST-s 28 from the E. coli lysate. Eluates from the magnetic beads were separated by SDS-PAGE and probed with anti-His antibody. GST-s 28 or His-FlgM expressed alone were used as negative controls (Fig. 4, lanes 1-4) whereas the positive controls were GST-s 28 and His-FlgM co-expressed within the same cell. Capture of GST-s 28 by magnetic beads caused the co-capture of a large amount of His-FlgM (Fig.  4, lanes 5 and 6) . The newly generated flgM I85T, flgM A86D and flgM L89P mutants were His-tag cloned into pJB910 and then co-transformed with GST-tagged s 28 into E. coli XL1-Blue. When GST-s 28 and His-FlgM I85T were co-expressed within the same cell, capture of GST-s 28 by magnetic beads did not cause the co-capture of His-FlgM I85T (Fig. 4, lanes  7 and 8) . GST-s 28 co expressed with His-FlgM A86D or His-FlgM L89P also showed the same results (Fig. 4, lanes 9-12) . These results demonstrated the interaction between s 28 and FlgM was destroyed when Ile85, Ala86 or Leu89 of FlgM was mutated.
Effect of flgM mutation on swimming motility
To further study the function of FlgM, we constructed an in-frame deletion mutant in flgM. Swimming motility was analysed in both Y. pseudotuberculosis parent and the flgM mutant strains. When compared to the parent, DflgM was non-motile in semi-solid motility plate assays (Fig. 5a, 1 and 2). However, when a functional copy of flgM was introduced into the mutant (DflgMC), motility was restored to levels comparable to the parent whereas the vector control alone (DflgMV) remained non-motile (Fig. 5a, 3 and 4 ). The flgM mutant was also examined by electron microscopy, which revealed that the parent and complemented flgM mutant possess a single polar flagellum (Fig. 5b, panels 1 and 4) whereas the mutant and pJB908 complement control do not (Fig. 5b , panels 2 and 3).
Interaction of FlgM with s 28 influences bacterial motility
The flgM mutant showed a significant motility defect in this study but it was unclear whether this was a direct result of disruption of the interaction between FlgM and s 28 . To investigate the function of the FlgM-s 28 interaction in motility, we inserted flgM, flgM I85T, flgM A86D and flgM L89P into the expression vector pJB910 and each plasmid was transformed into the flgM mutant. As shown in Fig. 6 , the three mutant strains were non-motile when compared to the complemented strain (DflgM containing pJB910 : : flgM), indicating these three mutations could not restore motility to the flgM mutant. To confirm that the three mutants were non-motile in the plate assays, cells Functional characterization of FlgM in YpIII taken from each colony were examined using light microscopy, and only the cells taken from the complemented strain were visibly swimming (data not shown).
Effect of flgM mutation on the transcription of key motility genes
To gain further insights into the contribution of FlgM to the regulation of transcription of other components of the flagellar biogenesis pathway, the master flagellar regulator flhDC, fliA, flgM itself and the flagellar structural gene fliC were each fused to lacZ and transformed into DflgM and DfliA. b-Galactosidase activity during exponential growth showed that flhDC is transcribed similarly in both the parent and mutants (Fig. 7a) . In contrast, fliA expression was reduced considerably in both the fliA and flgM mutants (Fig. 7b ). Interestingly, flgM transcription was almost sixfold higher in the fliA mutant than in the parent (Fig. 7c ), while fliC expression was markedly upregulated in the flgM mutant ( Fig. 7d ) but was reduced by more than 50 % in the fliA mutant when compared to the parent (29 units and 80 units respectively). This difference is difficult to see in Fig. 7(d) because of the excessively high activity of fliC in the flgM mutant.
FlgM also affects other s-dependent transcription
If FlgM functions as an anti-s 28 factor, its absence in a DflgM mutant would be predicted to cause an increase in transcription of s 28 -dependent transcription. s 54 is known to play a role in flagellar biogenesis in Vibrio cholerae and H. pylori (Correa et al., 2004; Spohn & Scarlato, 1999) , both of which are capable of producing polar flagella. Y. pseudotuberculosis always produces polar flagella under our experimental conditions, which prompted us to speculate whether s 54 or other s-factors may play a role in flagellar biogenesis in Y. pseudotuberculosis. We therefore constructed cheW, flaA, flgD, csrA and fliZ promoterless-lacZ transcriptional fusion plasmids in the wild-type, DfliA and DflgM strains. cheW and flaA possess s 28 -dependent class III promoters in S. typhimurium and H. pylori, respectively . The flgD promoter is a s 54dependent class III promoter in H. pylori, the csrA promoter is a s A -dependent class III promoter while fliZ is a post-translational activator of FlhD 2 C 2 (Saini et al., 2008) . All strains were grown in liquid culture and harvested at the early exponential phase. As shown in Fig. 8 , the lack of FliA (in a DfliA mutant) reduces transcription of cheW (Fig. 8a) whereas there is a small increase in transcription of fliZ when compared to the wild-type (Fig. 8e) . The lack of FlgM (in the DflgM strain) had an approximately twofold stimulatory effect on cheW transcription (Fig. 8a) and also caused a small increase in transcription of flgD in comparison to the wild-type ( Fig. 8b) . Oddly, transcription of flaA was unaffected by the lack of FlgM or s 28 (Fig. 8c) whereas csrA transcription was unaffected by the absence of s 28 but was reduced in the flgM mutant (Fig. 8d ).
DISCUSSION
The control of s 28 -dependent transcription via FlgM is a fascinating example of how transcription within the bacterial cytoplasm can be temporally controlled by the assembly of an external organelle (Correa et al., 2004) . In S. typhimurium, FlgM binds to s 28 and prevents its association with RNAP until completion of the HBB structure, at which point FlgM is secreted through the nascent flagellum . This allows the s 28 holoenzyme to transcribe the class III flagellar genes, the products of which are then assembled into the flagellar filament. The bulk of the filament is composed of flagellin subunits, and these are not needed until completion of the HBB structure. Thus, FlgM prevents their expression until an appropriate point in flagellar assembly. Y. pseudotuberculosis possesses a single flagellin gene (fliC) transcribed by s 28 holoenzyme upon completion of the HBB structure, which is also the case in S. typhimurium (Karlinsey & Hughes, 2006) .
Genetic and biochemical studies of s 28 /FlgM interactions have contributed to the understanding of flagellar regulation. We show here that FlgM interacts with s 28 in Y. pseudotuberculosis. A co-crystal structure of A. aeolicus s 28 / FlgM has been obtained, and the important domains in s 28 and FlgM interactions were defined (Sorenson et al., 2004) .
Because the overall amino acid homologies of s 28 and FlgM between A. aeolicus and Y. pseudotuberculosis are low, it is difficult to extrapolate whether the configuration of proteins are significant in Y. pseudotuberculosis. In S. typhimurium, three mutations resulted in frameshifts in FlgM after codon positions 18, 59 and 67. Frameshift mutation after codon 67 suggests that the last 21 amino acids in FlgM are important for inhibition of s 28 activity. Previous studies of FlgM showed that the C-terminus is important for the s 28 /FlgM interaction (Daughdrill et al., 1997; Sorenson et al., 2004) . Based on these data, we wanted to find the pivotal regions that influence interaction between FliA and FlgM in Y. pseudotuberculosis. Initially we made CLUSTAL W amino acid alignments of FlgM homologues to confirm the interactive region. Our target was the segment from Glu64 to Val93. Bacterial twohybrid analysis of segment mutations of FlgM with s 28 demonstrated that amino acid residues Leu69 to Ile73 and Lys84 to Val93 were the pivotal regions. Site-directed mutagenesis then indicated that FlgM probably interacts with s 28 through Ile85, Ala86 and Leu89. It is clear that the polar residues that mediate this interaction are different from those reported for S. typhimurium (Chadsey et al., 1998) . These data were supported by the fact that these three point mutations in FlgM were unable to restore motility to a flgM mutant when supplied in trans. s 28 is regarded as a type III secretion chaperone for its own anti-sigma factor FlgM in S. typhimurium (Aldridge et al., 2006) , where the relative cellular levels of FlgM and s 28 are tightly controlled (Bleves et al., 2002; Watnick et al., 2001) . S. typhimurium possesses a single flagellin gene transcribed Functional characterization of FlgM in YpIII by s 28 holoenzyme upon completion of the HBB structure, and transcription of the flgM gene in this strain has been shown to be dependent on both s 28 and the master regulator FlhDC . We compared Fops of Y. pseudotuberculosis and DflgM by SDS-PAGE, and one protein, which was subsequently identified as flagellin by MS analysis, was absent in the mutant (data not shown).
These data demonstrate that in Y. pseudotuberculosis, FlgM interacts with s 28 , is secreted through the flagellum and can inhibit transcription of some s 28 -dependent genes. These functions are consistent with anti-s 28 activity. One would therefore expect that deleting FlgM would result in increased s 28 -dependent transcription at all of the s 28dependent flagellin promoters. Fig. 7(d) and Fig. 8(a) show that transcription of fliC and cheW (s 28 -like in Salmonella) in the flgM mutant is higher than the parent, indicating that, as expected, these class III promoters are activated by free FliA.
The fact that fliA expression is considerably reduced in the flgM mutant when compared to the parent (Fig. 7b) is intriguing and suggests that FlgM plays a role in the positive regulation of fliA. This observation seems paradoxical given that FlgM apparently positively regulates transcription of the s factor upon which it acts in its role as an anti-s factor. fliA expression is abolished in the fliA mutant, suggesting that FliA positively autoregulates its own expression. Conversely, flgM expression is sixfold higher in the fliA mutant, which suggests that FliA is capable of repressing the expression of its own anti-s factor.
flgM transcription is sixfold higher in the fliA mutant because the b-galactosidase activity units we detected in this study represent free intracellular protein expression and FlgM acts as a chaperone in the parent before HBB construction is completed. In the flgM mutant there is clearly a lack of activity on motility plates and flagella are absent. However, there is also an obvious increase in fliC expression; one explanation may be that the fliC transcript is subject to post-transcriptional regulation.
We also detected s 54 -and s A -like promoter activities upstream of flgM. For example, potential s 54 -dependent transcription of the flgD (s 54 -like in H. pylori) promoters was increased in the absence of FlgM (Fig. 8b) , indicating a lack of uniform repressive FlgM activity at not only s 28dependent promoters. Yersiniae are usually considered to produce peritrichous flagella, although polar flagella have been described (Chatterjee & Neogy, 1972) . Polar flagella production has been considered in terms of s 54 -dependent transcription, and under our test conditions we always observed polar flagella as shown in Fig. 5(b) . The observation of s 54 -dependent transcription of flgD and the production of polar flagella suggests that there may also be a s 54 -dependent flagellar system in operation in this organism which may determine the number and location of flagella at the cell surface. The transcription of fliZ, a post-translational activator of FlhD 2 C 2 -dependent flagellar gene expression in Salmonella (Saini et al., 2008) , was also increased in DfliA but unaffected in DflgM (Fig. 8e ), suggesting that s 28 may play a role in activation of flhDC transcription in Y. pseudotuberculosis. A similar system is in operation in enterohaemorrhagic E. coli, in which a feedback loop driven by FliA (s 28 ) activates the transcription of flhDC. It has been suggested that this system may act to sustain and strengthen an environmental response to increase the production of flagella (Clarke & Sperandio, 2005) . However in Y. pseudotuberculosis it seems unlikely that FliA or FlgM play a direct role in the regulation of flhDC since the levels of flhDC expression are similar in the parent and mutants (Fig. 7a ).
It is difficult to rationalize why DflgM is non-motile even though fliC expression is increased and the flhDC expression is unaffected in this strain, but these observations suggest that fliC is modified post-transcriptionally. Complex flagella are present in many bacteria with two flagellar systems, but no studies have been performed to link the flagellin composition under different condition to specific attributes of flagella. Y. pseudotuberculosis contains two flagella systems (FS1 and FS2) but this study focused on FS1 genes alone. The expression of FS1 genes in Yersinia is in part similar to other Enterobacteriaceae in that expression is coordinated with flagellar assembly in response to environmental signals, and consists of a hierarchy of three major flagellar gene classes. However, despite the fact that our FS1 flgM mutant functions as an anti-s 28 factor, our data also reveal that there are differences in the regulatory hierarchies driven by FliA and FlgM when compared to other well-characterized systems such as E. coli. Could the system therefore be responsible for cross-talk between FS1 and FS2? A study into the role of FS2 in regulation in the context of growth on surfaces and with respect to the production of polar flagella would be timely.
